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Abstract 


Tkie  paper  deecribee  an  extractor  d reigned  to  produce  reeie- 
tance  valnee  for  use  in  digital  circuit  simulation.  REDS  avoids 
resistance  extraction  on  most  nets  in  a  design  using  a  simple 
filter  based  on  the  perimeter  and  area  values  calculated  by  the 
capacitance  extractor,  allowing  it  to  concentrate  on  areas  where 
resistance  may  substantially  affect  circuit  timing.  Nets  are  ex¬ 
tracted  using  a  last  square  counting  algorithm,  and  simplified 
before  output  to  remove  spurious  dements.  REDS  is  designed 
to  work  on  the  Magic  layout  database. 


1  Introduction 


Parasitic  resistances  can  substantially  affect  circuit  performance, 
but  are  difficult  to  calculate  efficiently.  Most  approaches  fall 
into  three  categories:  numeric  calculation  of  Laplace’s  equation 
[6](1],  ‘lumped  approximation *(9]{3],  and  polygonal  reduction 
[5](2](7].  Numeric  solutions,  though  accurate,  are  skier,  they  ere 
well  suited  only  for  small  circuits.  Lumped  resistance  values, 
where  each  node  in  a  circuit  has  a  resistance  associated  with  it, 
are  easily  calculated  from  the  node’s  perimeter  and  area,  but 
are  very  inaccurate.  Polygonal  decomposition  provides  a  good 
tradeoff  between  speed  and  accuracy,  but  is  still  expensive  to 
run  on  large  designs.  Mari  in  [7]  reduces  this  computation  time 
by  extracting  hierarchically,  but  requires  that  explicit  ports  be 
defined  for  each  subcell,  which  restricts  allowed  overlaps  and 
makes  additional  work  for  the  designer. 

For  logic  simulation,  the  designer  is  primarily  interested 
in  knowing  which  resistors  will  substantially  contribute  to  the 
RC  delay  at  a  given  signal.  This  occurs  when  the  intercon¬ 
nect  resistance  between  two  transistors  is  on  the  same  order  as 
the  resistance  of  the  transistor  itself  Resistors  should  only  be 
included  for  nets  where  this  is  the  case;  including  additional 
components  only  slows  down  the  simulator  without  substan¬ 
tially  influencing  the  results. 

The  key  to  fast  extraction  for  this  timing  is  to  extract  only 
those  nets  which  meet  the  above  criterion.  Unfortunately,  the 
identity  of  these  nets  is  not  known  antO  they  are  extracted. 
REDS  avoids  this  problem  by  using  the  lumped  resistance  val- 
nes  to  determine  whether  further  extraction  is  required.  The 
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lumped  values  ere  essentially  equal  to  the  resistance  of  nil  ge¬ 
ometries  connected  to  n  net  stretched  end  to  end.  They  form 
approximate  upper  bound  (neglecting  current  crowding)  on  the 
maximum  resistance  between  two  point*  on  n  net.  By  compar¬ 
ing  this  value  to  the  resistance  of  the  largest  transistor  on  a 
net,  REDS  avoids  extracting  most  of  the  net*  in  n  circuit. 

REDS  extracts  the  net*  that  fail  the  lamped  resistance  test 
by  decomposing  them  into  rectangle*  with  unidirectional  cur¬ 
rent  flow.  The  resistance  of  each  rectangle  it  calculated  from 
its  length  and  width.  The  maximum  point-to-point  resistance 
in  the  net  is  also  determined;  if  this  value  is  less  than  the 
transistor-resistance  tolerance,  the  net  is  left  untouched.  If  the 
resistance  exceeds  the  tolerance,  REDS  estimates  the  time  con¬ 
stant  for  the  network  and  compares  it  to  that  of  the  transistor 
alone.  If  the  time  constant  also  exceeds  the  tolerance,  REDS 
add*  a  resistor  network  to  the  extracted  description. 

REDS  is  part  of  the  Magic  layout  system  (9]  and  usee  its 
corner  stitched  database  database  to  efficiently  estimate  inter¬ 
connect  resistance.  Before  REDS  Is  run.  Magic’*  hierarchical 
extractor  and  netlist  flattener  are  need  to  produce  the  lamped 
resistance  values  and  a  flat  simulation  flle.  The  following  sec¬ 
tion  describee  how  REDS  use*  this  simulation  flle  along  with 
the  layout  to  select,  extract,  and  simplify  net*,  while  Section  3 
provides  some  resalts  from  a  Urge  microprocessor  design. 


2  Implementation 


3.1  Net  selection 


A  resistance  extractor's  flrst  task  is  to  identify  which  nodes 
could  have  signiflcaat  resistance  REDS  tads  the  largest  tran¬ 
sistor  with  a  sonic*  or  drain  connected  to  each  sod*  aad  com¬ 
pare*  the  resistance  at  this  ‘driving’  transistor  with  the  lamped 
resistance  of  the  nod*.  The  resistance  of  this  driving  transistor 
is  calculated  by  dividing  the  length  by  the  width  and  multiply¬ 
ing  by  the  sheet  resistance  for  the  particular  type  of  transistor. 
Thu  lumped  resistance  is  computed  from  the  perimeter  and 
arem  values  calculated  for  each  material  by  Magic  during  capac¬ 
itance  extraction.  The  formula  for  Inmped  resistance  ass s men 
the  region  is  n  rectangle  aad  rims! tan ecauly  salves  eq nations 
for  the  rectangle'*  perimeter  aad  area: 


L  «  W  =  ere* 

7L  +  2W  =  perimeter  _ 

L  -  (perimeter  +  ^perimeter*  -  eree  s  li) 
W  =  (perimeter  -  </ perimeter*  -  ere*  •  1* 
resistance  =  ( Jt/#fu ert)  *  L/W 
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Figure  1:  Lumped  Resistance  Approximation 

The  longer  dimension  is  taken  to  he  L  because  this  gives 
the  more  conservative  value.  Two  regions  and  their  equiva¬ 
lent  rectangles  are  sho»a  in  Figure  1.  This  process  is  approxi¬ 
mately  equal  to  stretching  out  the  region  into  a  single  rectan¬ 
gle  and  gives  aa  upper  bound  on  the  resistance  between  any 
two  points  in  the  network  (Figure  la)  (or  networks  o f  common 
width-  When  the  width  of  the  interconnect  varies  greatly,  this 
approximation  will  not  necessarily  be  aa  upper  bound.  Large, 
square  regions  of  a  highly  resistive  layer  connected  to  long,  thin 
areas  (Figure  lb)  will  produce  low  lumped  values.  These  re¬ 
gions  are  fortunately  very  rare  in  signal  lines.  The  only  notable 
exception  is  in  pads,  which  contain  large  squares  of  metal  and 
whose  lumped  resistance  (or  the  metal  layer  is  correspondingly 
low.  Even  in  pads,  however,  the  lumped  value  is  greater  than 
the  maximum  point  to  point  value  because  the  resistance  is 
dominated  by  polysilicoa,  not  by  metal,  due  to  the  disparity  in 
sheet  resistances. 

If  the  resistance  of  the  transistor  is  greater  than  this  lamped 
resistance,  no  additional  extraction  on  this  particular  net  is 
necessary.  Nets  that  fail  this  test  are  passed  on  to  the  next 
section  of  REDS,  the  net  extractor. 

3.3  Net  Extraction 

Far  each  selected  net,  REDS  rends  and  latteas  the  hierarchical 
layout  description,  storing  the  result  in  Magic's  corner  stitched 
database.  Because  Magic  stores  data  in  a  canonical  form  (max¬ 
imum  borisoutal  rectangles)  contacts  tend  to  fracture  contigu¬ 
ous  regions  into  many  subtiles.  REDS  reduces  the  ■  umber  of 
tiles  and  simplifies  extraction  by  eliminating  contacts  during 
a  prepass  over  the  layoet.  It  records  the  location  of  contacts, 
then  merges  them  into  their  constituent  layers  (Figure  2).  The 
position  of  transistors  is  also  aotad,  and  a  transistor  data  struc¬ 
ture  is  allocated  for  sach  set  of  connecting  transistor  tiles.  After 
this  preprocessing,  REDS  is  ready  to  begin  actual  extraction 
of  the  aet. 


Figure  2:  Contact  Preprocsasing 


REDS  calculates  resistance  by  counting  squares.  For  a 
given  rectangular  region  the  resistance  is  (R/sqsare)*L/W,  where 
L  is  takes  in  the  direction  of  current  low.  This  method  does 
well  on  long,  narrow  regions,  bat  rather  poorly  on  irregularly 


shaped  ones.  In  the  current  application,  however,  the  resistors 
of  interest  are  formed  primarily  from  long,  thin  regions.  For  a 
resistor  to  be  on  the  same  order  of  magnitude  as  the  transistors 
to  which  it  is  connected,  it  must  be  many  squares  long  because 
the  i beet  resistance  of  the  interconnect  is  much  less  then  that 
of  the  transistor.  Irregularly  shaped  regions  by  deftnition  can 
be  only  on  the  order  of  a  few  squares  and  send  not  be  calculated 
with  high  precision. 

The  key  problmn  in  a  squnre-coeatiag  resistance  extractor 
is  determining  the  direction  of  current  low.  REDS  simpUftes 
this  problem  by  assuming  the  current  low  Is  either  horlaoaul  or 
vertical,  a  reasonable  assumption  because  Magic  only  supports 
Manhattan  geometries.  The  combinatioe  of  orthogonal  current 
low  and  Manhattan  geometries  makes  calculating  W/L  easy 
because  every  resistive  region  in  a  rectangle. 

Current  low  lor  an  individual  til*  in  Magic's  database  can¬ 
not  be  calculated  without  looking  at  the  particular  tile's  neigh¬ 
bors.  This  caa  he  seen  ia  Figure  2.  Magic's  data  structures 
prevent  REDS  frosa  being  able  to  determine  current  low  an  a 
tile  by  tile  bests.  The  see  of  maximem  borisoutal  rectangles 
occasionally  causae  tall,  marrow  rectaaglus  to  be  broken  into 
long,  thin  stripe.  Individual  tiles  may  have  current  low  per¬ 
pendicular  to  their  longest  side.  Fortunately,  visiting  a  tile's 
neighbors  in  Magic's  corner  stitched  database  is  fast  and  assy 
to  do.  REDS  lues  the  potnten  to  adjoining  tiles  to  search  lair 
connecting  material  If  it  lads  aa  adjacent  tilt  of  the  same 
type,  REDS  checks  to  see  whether  the  combined  arm  is  taller 
than  it  is  wide.  If  it  in,  REDS  aesamm  that  current  lows  north- 
south.  If  it  is  not,  thee  REDS  continues  to  search.  This  process 
continues  satil  either  the  combined  region  is  uDer  then  it  is 
wide  or  no  additional  rneaerting  tiles  are  bond.  V  the  taal 
region  is  wider  than  it  is  tall,  than  the  current  flow  is  suet- west. 
It  not,  current  low  is  north -south. 


Figure  3:  Determination  of  Cnnuat  Direction 


Once  current  flow  far  n  given  tfle  is  known  (note  that  cur¬ 
rent  low  need  not  he  same  lor  al  parts  of  the  tie),  REDS  con¬ 
structs  resistors  between  the  dlflerwet  soetem/ainhs  of  current 
in  the  tile.  Possible  connections  include  transistors.  Junctions 
with  other  film  or  with  other  legfans  of  the  same  tile,  sad  con¬ 
tacts.  Resistors  within  n  particular  part  of  a  tils  ate  snade  by 
dividing  the  distance  in  the  direction  of  current  flow  Vy  the 
width  or  height  of  the  region  and  multiplying  by  the  sheet  re¬ 
sistance.  Each  connection  point  becoaaas  n  node  with  one  or 
more  connecting  reals  ton  and/or  trmaaisfam- 

Resistor  artworks  caswtrwcfad  ia  this  fashion  have  several 
eadmirabit  features  which  REDS  trim  fa  sRmiaato  dyaami- 
caDy,  iadadiag  daagflag  connections,  scrim  rests  ton,  paraltal 
resistor*,  and  ‘triangles'  of  resistors  la  sack  case,  REDS  elin 
mates  the  spurious  aodn  and  resistors,  than  checks  to  sm  if 
the  ttw  network  can  be  red  need  further  Thin  continues  an 


til  BO  hir«l«  (ku(M  IN  pOMiMB.  Thi*  Simplification  la  don* 
m  boob  aa  all  geometries  connected  to  b  nods  ua  ptocaaaad, 
keeping  the  sise  of  tka  network  aa  small  aa  possible. 

While  it  ia  reducing  tke  aat work,  REDS  also  kaapa  track  of 
tka  resistance  from  sack  node  to  tka  atartiag  traaaiator.  Aflat 
all  aodaa  kava  baas  protaaaod,  tka  kigkaat  raaiataaca  Bode  ia 
found.  If  ita  raaiataaca  ia  lam  tkaa  tkat  of  tka  Urgant  traaaiator, 
bo  ran  ia  live  artwork  ia  aaadad  (or  tkia  art,  aad  tka  a  at  ia  aevar 
outpat. 

Comparing  tka  maJtimam  point  to  point  raaiataaca  to  tka 
lumped  value  alimiaataa  maay  raaiatora,  bat  fails  to  catck  ooa 
(airly  commoa  caaa.  Ob  aeta  with  larga  feaoet,  tka  driver  aiaa 
moat  be  Urge  to  handle  tka  load;  often,  ita  raaiataaca  wiB  ba 
comparable  to  tkat  of  tka  interconnect  landing  to  each  gate. 
Aa  example  with  fanout  N=4  ia  akoara  ia  Figure  4a.  Tka  ia- 
tercoanact  doea  no*  contribute  significantly  to  tka  delay  ia  tkia 
caaa,  been  one  only  a  small  portion  of  tka  total  load  ia  driven 
through  each  interconnect  renin  tor  For  tka  apecial  ayinmetri- 
cal  caaa  tkown,  tka  delay  ia  Figure*  4a  aad  4b  ate  ideaticai, 
with  tke  delay  due  to  interconnect  being  R,Cl/N  iaatead  of 
RJCi-  For  large  value*  of  N,  tka  interconnect  delay  in  mack 
lea*  than  a  simple  comparison  at  Rt,M  and  R,  would  iadknta. 
More  generally,  timing  depend*  aot  just  oa  tka  relatlv*  resistor 
■ism,  but  also  oa  the  distribution  of  capacitance  ia  tka  tree. 


i  n  m  J-c 

T  T 


ri. 

-am  i  am  -Lot 


Figure  4:  Effect  of  Fanout  an  Tim*  Cnee  teat 

REDS  contains  a  Inal  Mtar  to  recagniae  aad  remove  large 
(snout  aeta  baaed  oa  tkair  RC  time  coaataato.  Tka  liter  la 
baaed  oa  tka  estimates  of  dalay  ia  RC  true*  developed  ia  (•}. 
Tka  RC  delay  (nr  a  gjvaa  node  i  caa  be  approximated  aa  the 
•rat  order  momeat  of  tke  network '•  iaapulaa  reaponee,  To,  ■ 
where  Rh  ia  tb*  raaiataaca  from  the  iaput  the*  ia 
common  betwuea  node*  k  aad  «.  Figure  $  show*  tka  vuiae  of 
To,  for  aoda  N). 


Cakalatioa  of  To,  ia  fairly  straightforward  Fleet,  tka  aat- 
work't  capacitaac*  i*  diatribe  tad  among  ita  aodm.  Next,  REDS 
remove*  loop*  (ram  tb*  artwork  by  delating  tka  resistor  ia  tka 
loop  that  has  tka  greatest  raaiataaca  between  ita  aad*  aad  tka 
driving  aoda.  Tka  raaaltiag  Ira*  ia  tkaa  pamad  over  lark*.  Dar¬ 
ing  tka  tnt  paaa,  tka  capacitaac*  (nr  rack  aoda  aad  ita  children 
is  summed  together.  During  tka  aacoad.  To,  k  calculated  (ar 
each  aoda  by  adding  tka  product  of  aoda  capacitaac*  aad  tka 
raaiataaca  batwma  tka  aoda  aad  ita  parent  to  To,  far  tka  par¬ 
ent.  The  largest  valua  of  To,  k  compared  with  tka  product  of 
tka  traaaiator  rmiataac*  aad  tka  total  caparitanre;  if  it  aacaada 
tka  tolerance,  tkaa  a  RC  network  meat  ba  added  to  tka  circuit 
description. 

2.3  Nat  Simplification 

Wkaa  a  net's  delay  ia  grantor  tkaa  tka  tolerance,  it  mast  ha 
written  out.  Ia  ito  raw  farm,  however,  tka  aot  coatoiaa  a 
plethora  of  aodm  aad  small  raaiatora.  Tka  detailed  aot  caa- 
tains  mor*  information  tkaa  simulators  aad  timing  verifiers  re¬ 
ally  a  aad,  aad  will  alow  them  dowa  aabataatiafly.  Tkia  eat  nut 
be  simpliied  into  eomatbiag  tkat  retain*  tke  basic  information 
but  ba*  fewer  raaiatora  aad  aodm. 

A  typical  net  looks  some* king  like  Figure  is,  with  away 
branches.  REDS  waata  to  modify  tka  not  to  eliminate  all  ra¬ 
sa  ton  below  tb*  rsaietive  tolerance.  To  do  tkia,  it  start*  at  tka 
aoda  containing  tka  driving  traaaiator  aad  walks  dowa  tka  tree, 
labeling  raaiatora  a*  viaitad  aad  assigning  them  a  direction.  It 
knows  it  kaa  taarbad  tka  wad  wkaa  K  gats  to  a  aoda  wb*«* 
all  oetward  pointing  raaiatora  ar*  terminals,  la.  connected  to 
transistors  only  If  all  tka  resit toa*  connected  to  tkia  tarad- 
nal  nod*  are  laaa  tkaa  tke  tolerance,  REDS  deletes  nfi  hat  tka 
largaai  resistor  (Figure  tb)  Oaca  tkia  knack  in  afiasi anted,  tka 
ramaiaiag  tree  kaa  two  resistor  ia  aariaa  tkat  caa  k*  combined. 
REDS  caa  tkaa  walk  hack  ap  tka  tie*  to  tka  east  knack.  Tkia 
coatiaaaa  until  all  tke  ramaiaiag  resistors  are  greater  tkaa  tka 
Udenac*  (Figure  fie). 

Networks  red  weed  ky  tke  above  method  may  atRI  contain  re¬ 
sistors  fas*  tkaa  tka  totemac*.  To  reosova  tkaa*  ramaiaiag  smai 
raaiatora,  REDS  Rial  aorta  all  raaiatora  ky  aiaa.  Tka  small  art  re¬ 
sistor  ia  con  hi  sad  with  its  aranPaat  neighbor.  Tkia  It  caa  tinned 
until  no  raaiatora  lam  tkaa  tke  toiaruaca  mmaia. 

Tke  completed  network  ia  appended  to  tka  extract  ilr  of  tka 
dasign's  root  call  Magic’s  extract  format  laded**  a  ‘kiRaoda* 
comawad  tkat  aHmiaatm  a  node  aad  averytkiag  caaa  acted  to 
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Figure  5  Cakalatioa  of  TDi 


Figur*  •:  Nat  Simplification 

it  from  tka  circuit'*  aetliat,  tkia  is  used  to  ekauaat*  tke  aM 
set  aad  replace  it  with  tka  aew  ranis  tor  aagmea  tad  oa*.  REDS 
tkaa  repeats  tka  procam  oa  Ik*  text  aa*  ia  tke  design 


3  Results 


4  Conclusion 


MIPS-X,  Stamford '(  aacoad  gcacratioe  RISC  mic ropnxMOf 
(4),  aaed  k>  tat  REDS.  Exclediag  tba  iwtractioa  cacba, 
MIPS-X  coataiaa  4V000  truiiKon  ud  19,000  a*U.  Tk*  ia- 
•tnKtioa  cacka  aw  ao(  extracted  kacawa  it  it  aavar  iadadad 
ia  awitcb  (aval  timalatiow  MIPS-X  ia  daaigaad  ia  a  J 
Wval  natal  CMOS  procem.  Tackaoiogy  parameter*  lot  MIPS-X 
ara  tkowa  ia  TkN*  1. 


Lay** 

Sbaat  Rcaiataaca 
(Q/aqaara) 

Ml  aim  am  WMtk 

(jm) 

aratall 

044 

i 

m*ta!2 

044 

4 

polyailicoa 

39 

2 

adiffeaioa 

40 

3 

pdiffwioa 

119 

3 

afat 

19009 

3 

pfct 

)0OOO 

3 

Table  1:  Tackaoiogy  Parameter* 

Nod#  foilar*  rataa  ara  Uatad  ia  Table  2  for  a  tolaraaca  at 
2  (i.a.  tka  iatarcoanact  dalay  «  n  Uaat  SOU  aa  largt  a*  tka 
traaaiator  delay  ).  All  aodaa  except  for  tka  power  tappliw  wan 
iacludad  Tka  leaped  rmialaac*  iltar  waa  affective  ia  radeciag 
tka  lumber  at  aodaa  to  b*  extracted;  oaly  20.0%  foiled.  Af¬ 
ter  axtractioa,  oaly  0.4%  at  tka  a«ta  weeded  to  kava  raaiaton 
added,  giviag  a  9%  iacraaaa  ia  ciicelt  aodaa.  Tkia  k  coaaia- 
teat  aritk  REDS'  alia  of  addiag  tke  aiaiaia  aambar  of  extra 
conpoeaaU  aad  aodaa  to  correctly  repraaaat  tka  aat'i  ckarac 


Total  Nate: 

19899 

Lamped  rad  aim: 

3799 

(30.1%) 

Reaieto*  Sim  Fkilarw 

933 

(3.2%) 

Time  Cowtaat  Fail  arm 

S3 

(•<%) 

Type 

Nate 

Nod  a* 

Raaiaton 

Global  Sigaala 

5 

1320 

1354 

Pad* 

30 

204 

200 

Bw 

11 

33 

22 

Array  lapata 

9 

45 

40 

Total* 

03 

1070 

1022 

Takla  2:  Network  Statistic* 

Tk#  aata  tkat  foil  all  ckacka  foil  iato  tka  4  catagorim  .bow* 
i*  Table  2.  Tke  forgaat  ■  ember  of  raaiaton  are  created  for 
global  aigaaJe  aack  a a  tke  clocka  aad  a  foe  foeqaeatly  arad 
coat  red  liaaa.  Tk#  aacoed  major  groep  of  aata  are  located  ia 
tk*  pada.  Oatpet  pad*  foil  kacaaaa  tk#  9aai  driven  kav#  loeg 
poly  (ilk  oa  gat#a  with  aebataatial  reaiaUac*.  Tk*  aaxt  groep 
coataia*  part  of  a##  baa  tkat  ew  wired  ia  polyiilkoe  to  aave 
apace.  Fiaally,  tk*  iapeta  to  (tract are*  rack  a*  PLA’a  aad 


Digital  aimalatio*  placaa  two  maia  coaatraiat*  oa  a  rcaiataaca 
extractor:  axtractioa  moat  b*  fort  *o  tkat  tk*  tarwaroead  tima 
oa  ckaagaa  ia  ikort,  aad  tk*  extracted  wet  work  akooM  oaly 
coataia  raaiaton  tkat  (igwiSraatly  affect  performaac*.  REDS 
raw*  qakUy  by  red  oc lag  tk*  aanbar  of  aodaa  reqairiag  ex- 
trwctioa  via  a  aim  pic  liter  aad  axtractiag  raalataacaa  waiag 
a  aqaare-baead  axtractioa  algoritkm  tkat  effectively  atllisaa 
Magk'a  coraar-atitcked  data  baa*.  REDS  radacaa  tk*  aiae  of 
ita  oetpat  by  diatlDlag  tk*  origiaal  wet  iato  a  tmallar  aaalogw 
tkat  coalaiaa  oaly  tk*  aaaaatial  ia  forma tioa.  Tkia  coobiaatioa 
■aka*  REDS  a  aaafal  tool  ia  tk*  timalatioa  procaaa. 
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Wan  bar  gar  array*  are  raa  ia  polyailico*  aad  alao  foil 

Raaaiag  MIPS-X  tbroagh  REDS  oa  a  VAX-I1/7S0  raqairad 
aboet  137  miaata*  of  CFO  lima.  latarmtiagiy,  tatteaiag  tba 
aata  takae  moat  of  tba  tin*,  wbO*  tba  actaal  axtractioa  ia  rd- 
ativaly  ebaap.  Tkia  raggaeta  tkat  ipeadiag  REDS  ap  rabataa 
tially  wil  k*  foirfy  diOcalt  kacawa  tk*  databaa*  roa tiara  ara 
already  baavily  optimlaad. 


